Formation of a magnetic soliton lattice in copper metaborate 
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The magnetic ground-state of copper metaborate is investigated by means of elastic neutron scat- 
tering. The magnetic structure of CUB2O4 is incommensurate with respect to the chemical lattice 
at T=1.8K and undergoes a continuous phase transition to a non-collinear commensurate antifer- 
romagnetic state which is realized at T=10K. Close to the phase transition higher-order magnetic 
satellites are observed. Coexistence of long-range and short-range magnetic order is observed in 
both magnetic phases. This suggests that the association of the Dzyialoshinskii-Moriya interaction, 
lattice symmetry and tetragonal anisotropy leads to the formation of a three-dimensional magnetic 
soliton lattice. 



PACS numbers: 75.25+z, 75.30.Gw, 75.10.Hk 

Incommensurate magnetic structures are characterized 
by modulations of their spin arrangements over periods 
which arc long compared to the size of the chemical cell 
and not commensurate with the underlying lattice |Q. 
The existence of such magnetic structures in compounds 
with localized spin densities is either due to competi- 
tions between exchange interactions or relativistic effects 
like spin-orbit coupling. While the former effects can be 
found accidentally, the latter mechanism depends on lat- 
tice symmetry. Relativistic interactions were first con- 
sidered by Dzyaloshinskii ]2| and given a microscopic 
description by Moriya ||. The Dzyaloshinskii-Moriya 
(DM) interaction is usually written as the cross-product 
of interacting spins Hdm = D • (Si x S 2 ) where D is 
the DM-vector. The direction of the DM-vector is de- 
termined by the bond symmetry and its scalar by the 
strength of the spin-orbit coupling || . The antisymmet- 
ric DM-interaction in antiferromagnets favors a canted 
arrangement of the magnetic moments which results in a 
weak spontaneous magnetization. Spiral structures arise 
from the presence of a term linear in the gradient of 
the magnetization (Lifshitz invariant [Q) in the thermo- 
dynamical potential. Dzyaloshinskii has shown that a 
Lifshitz invariant is naturally obtained from relativis- 
tic interactions in chemical structures belonging to the 
space groups D 2 , D 2 d, C 3h , D 3 , D 3h , 5 4 , D 4 , D 6 ,T,T d , O 
(Schoenflies notation). The presence of an additional 
crystal anisotropy distorts the simple helicoidal spin ar- 
rangement and the angle evolution of the magnetic mo- 
ments is described by the solution of the sine-Gordon 
equation for a soliton lattice It should be recog- 

nized that a soliton corresponds to localized or topo- 
logical dislocations of a periodic structure which arise 
when non-linear forces are present 0. In a magnet- 
ically ordered crystal, a soliton is a deformation of a 
regular spiral resulting in a non-uniform rotation of the 
magnetic moments along the pitch of the helix. In 



that case, Dzyialoshinskii has shown that a second or- 
der phase transition from the incommensurate to a com- 
mensurate structure occurs either at a given tempera- 
ture T* or equivalently in the presence of a large mag- 
netic field. While the formation of an incommensu- 
rate chemical lattice has been often observed in con- 
densed matter physics gj, and more recently in the 
spin-Peierls compounds TTF-CuBDT § and CuGe0 3 
JlOf , the presence of solitons in a three-dimensional mag- 
netic lattice is unusual. To our knowledge, a field- 
induced incommensurate-commensurate phase transition 
has been observed only for the Dzyaloshinskii-Moriya he- 
limagnet Ba 2 CuGe 2 7 @. 

The bulk magnetic properties of CUB2O4 were reported 
in ref. p^ |. The specific heat data show two magnetic 
phase transitions at Tn = 21K and T*=10K. From 
magnetization and susceptibility measurements it is con- 
cluded that copper metaborate is a weak ferromagnet 
for T* < T < T N Q. In this letter we report elas- 
tic neutron scattering experiments in copper metaborate 
CuB 2 4 . In the temperature range 10K < T < 21K 
the magnetic structure is commensurate. Upon lowering 
the temperature below T*=10K, a commensurate to in- 
commensurate magnetic phase transition of the copper 
sublattice occurs. In addition, strong diffuse scattering 
is observed at the magnetic Bragg positions indicating 
that within the time window accessible by neutrons spin 
fluctuations coexist with static moments. Together with 
the fact that Lifshitz invariant is allowed by the lattice 
symmetry, this suggests that copper metaborate forms a 
magnetic soliton lattice at low temperature. 
The neutron measurements were performed at the neu- 
tron spallation source SINQ of the Paul-Scherrer Insti- 
tut and at the high-flux neutron source of the Institut 
Laue-Langevin. The single crystal used in the present 
experiment was prepared using 11 B at the Institute of 
Physics Krasnoyarsk. The chemical structure was de- 
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termined in the paramagnetic phase at T=25K. Due to 
the relatively large volume and low mosaic of the single 
crystal, it was necessary to correct the observed neutron 
intensities for extinction. To allow for a reliable correc- 
tion, the neutron measurements were carried out at two 
wavelengths A = 2.4A and 1.2 A, respectively. The re- 
fined parameters of the chemical structure were found to 
be in agreement with the X-ray results of Martinez et 
al. iQ. CuB 2 04 crystallizes in space group IA2d (-D^rf) 
with lattice constants a=11.528 A, c=5.607 A. The unit 
cell contains 12 formula units. The Cu 2+ ions occupy 
two inequivalent positions at Cu(A)=(site 4b, point sym- 
metry S4, 00^) and Cu(B)=(sitc 8d, point symmetry 
C 2 , xj|, x=0.0815), respectively. Cu(A) is at the cen- 
ter of a square unit formed by four oxygen ions, while 
Cu(B) is surrounded by six oxygen ions located at the 
vertices of a distorted octahedron. From high-resolution 
neutron powder diffraction we conclude that CUB2O4 
does not undergo any structural phase transition down 
to T=1.5K. Systematic scans in reciprocal space allowed 
magnetic reflections to be found at commensurate Bragg 
positions for T=12K. At this temperature, the observa- 
tion of forbidden reflections like (1,1,0) or (0,0,2) shows 
that the magnetic structure is antiferromagnetic. The 
magnetic structure is accordingly described by the prop- 
agation vector k = 0, so that the magnetic and chemical 
cells coincide. As the lattice symmetry operation I is 
also a magnetic translation when k = 0, the relevant ir- 
reducible representations of the magnetic structure are 
those of the point group 42m. This point group contains 
eight elements and has five irreducible representations. 
Four of them are one-dimensional (Tx, T2, T3 and T4) and 
one, labelled T$, is two-dimensional. The reduction of 
the induction representation gives = T3 + T4 + 2F§ 
and r 8d = T 1 + 2T 2 + T 3 + 2r 4 + 3r 5 , respectively. The 
magnetic modes T3 and of the 4b site correspond to 
a collinear ferromagnetic and antiferromagnetic ordering 
along the z-axis, respectively. The modes associated with 
the T$ representation describe a non-collinear magnetic 
structure with the magnetic moments rotated by 90° 
from each other. Similar magnetic modes for site 8d can 
be deduced again with help of group theory. From a least- 
square refinement of a diffraction set consisting of 25 pure 
magnetic peaks (Rf = 4%), we find that the magnetic 
structure of CUB2O4 can be described as a non-collinear 
arrangement of both the Cu(A) and Cu(B)-spins along 
the diagonals of the tetragonal plane. The Cu(A) mag- 
netic moments possess a small component fx z = 0.25/is 
parallel to the c-axis which corresponds to an angle of 
14° out-of the tetragonal ab-planc. Symmetry analysis 
of the chemical structure of CUB2O4 indicates that the 
DM-interaction is allowed between the Cu(A) nearest- 
neighbour spins p|. The DM- vector is perpendicular to 
the tetragonal ab-plane of the crystal and, accordingly, 
the DM-interaction favors the non-collinear spin arrange- 
ment which is actually observed. This indicates that the 



DM-interaction plays a significant role in forming the 
magnetic ground-state in CUB2O4. From a simple scaling 
with the data taken in the paramagnetic phase, we obtain 
the value of the magnetic moment ~ 1/ib for the Cu(A) 
spins at T=12K. Within the precision of the present mea- 
surements, the Cu(B) spins are confined within the ab- 
plane and have a small magnetic moment \x ~ 0.25/itB, as 
shown in Fig.|l|. As Cu(A) and Cu(B) magnetic moments 
do not compensate for each other, a spontaneous ferro- 
magnetic moment equal to 0.1/xs per formula unit exists 
at T=12K. 

As shown in Fig.^, the propagation vector k is 
temperature-dependent below T=10K and two magnetic 
satellites appear at symmetrical positions with respect to 
the commensurate reciprocal lattice-points. This shows 
that the magnetic structure of CUB2O4 becomes incom- 
mensurate along the tetragonal axis. The period of the 
spin modulation continuously increases from k = below 
T*=10K to k = (0,0,0.15) at T=1.8K. At this tempera- 
ture, the modulation of the spin structure has a period of 
c/0.15 ~ 40 A along the crystallographic c-axis. The evo- 
lution of the satellite position with temperature is found 
to follow a power law 

|fc(T)|oc(T-TT (1) 

with ^=0.48. As shown in FigJ|, Eq.[j] describes the 
temperature dependence of the propagation vector in 
the incommensurate phase. As k(T) smoothly goes to 
zero with increasing temperature, the period of the helix 
growths to infinity at T* = 10K. In addition, considerable 
diffuse scattering superimposes on the resolution-limited 
Bragg peaks for neutron scattering vectors Q along the 
[0,0,1] crystallographic direction, as shown in Fig.[| The 
intensity of the diffuse scattering increases with increas- 
ing temperature and exhibits a critical divergence close to 
T* (Fig.^j) , in accordance with the observation of suscep- 
tibility and specific heat peaks at this temperature p2[ . 
The line-shape of the diffuse scattering is well reproduced 
by the Fourier transform of the spin correlation function 
proposed by Ornstein and Zernicke [0. This function, 
which is a Lorentzian 

s <«» - ^ < 2 > 

is valid only in the temperature range where magnetic 
fluctuations are large. The average correlation length £ 
obtained from the line-width S, = j: yields £ ~ 32A at 
T* . k decreases upon passing into the incommensurate 
magnetic phase and reflects that the correlation length 
increases with decreasing temperatures up to £ ~ 70A 
at T=1.8K. Diffuse scattering is unexpectedly observed 
at the lowest temperature reached in this experiment. 
Namely, for three-dimensionally ordered magnets, critical 
fluctuations are usually sizable only in a small tempera- 
ture range below the magnetic phase-transition. On the 
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contrary, for spiral structures caused by relativistic inter- 
actions, a continuous intensity distribution is expected in 
a large temperature range, due to perturbations in the 
simple helix structure. That diffuse scattering is observed 
at the lowest temperature reached in this experiment and 
diverges when T — * T* demonstrates the validity of the 
soliton concept for CUB2O4. In that context, the soliton 
width is given by the value of the parameter £ |Q . 
Taking into account the crystalline anisotropy, the en- 
ergy density in the presence of an external magnetic field 
can be written as 



F = JM 1 M 2 - D(Mi x M 2 ) z 



-K 2 (cos 2 



COS 2 ) 



K i (cos i ei + cos i e 2 ) 



-K% erp -(cosUi + cos 4 2 ) - H(Mi + M 2 ), (3) 

where J is the inter-sublattice exchange interaction; Mi 
and M2 are the magnetization vectors of the two sub- 
lattices; K 2 and K4 correspond to the second and fourth 
order uniaxial anisotropy constants; ¥^ crp ' represents the 
anisotropy in the tetragonal plane; 9 and cj> are the po- 
lar and azimuthal angles of the sublattice magnetiza- 
tion, respectively. Exchange interactions and anisotropy 
values in copper metaborate are known from magne- 
tization and antiferromagnetic resonance experiments, 
2M = 160G, DM = 1900Oe, H E = JM = 2.9 x 10 4 Oe, 
K 2 /M = 210e, K4/M0 = -8.40e, and H pcrp . = 
|Kf rp |/M - 120e at T=4.2K ||Jl|]. The energy 
functional (||) describes the appearance of weak ferro- 
magnetism in CUB2O4 jl2|]. However, as k decreases to 
zero when approaching T* and diffuse scattering is ob- 
served in a large temperature range, and also as a phase 
transition is induced by applying a magnetic field in the 
tetragonal plane competing exchange interactions 

do not appear to be the main driving mechanism of the 
incommensurate-commensurate phase transition in cop- 
per metaborate. To explain this phase transition, it is 
reasonable to consider the Lifshitz invariant in the en- 
ergy density (§) 



dM 2 . y dM 2 , x 
Fi = a{M x , x —^f- - M hy — j-i-), 



dz 



(4) 



where a is the Lifshitz parameter. We note that the 
presence of the Lifshitz invariant Fi in the energy den- 
sity of CUB2O4 is ensured both by the presence of the 
DM-interactions and the D 2 d symmetry of the lattice. 
The Lifshitz invariant Fi favors a magnetic ground-state 
given by the solution of the sine-Gordon equation. In 
the simplest case and in the absence of an external mag- 
netic field, it corresponds to a simple helix. The helix 
structure can be distorted by the crystalline anisotropy 
which induces inhomogeneities in the magnetization den- 
sity. The solution of the sine-Gordon equation results 
then in a magnetic soliton lattice [ p8| . In that case, 
higher order satellites appear close the principal magnetic 
satellites. The amplitudes of these higher-order magnetic 



satellites increase with temperature and are largest close 
to the incommensurate-commensurate phase transition 
Jl9t - Fig.|| shows a neutron scan along the (1,1, Q) direc- 
tion at T=9K which reveals that when the temperature 
approaches T* , higher order satellites are produced. We 
point out that the overall shape of the neutron scattering 
data differs from the theoretical calculations based on the 
classical Ginzburg-Landau functional || for a simple lat- 
tice. This is probably due to the complexity of the chemi- 
cal structure of copper metaborate. In any case, the pres- 
ence of a multi-peak structure in the neutron spectrum is 
an indication that close to T*, the magnetic structure of 
copper-metaborate can be viewed as a slightly distorted 
commensurate structure with domain walls. 

As He 3> Hporp., it is possible to estimate the strength 
of the Lifshitz parameter from the expression for the wave 
vector of the incommensurate structure |p7| , namely 
0-M0 = kH E ~ 4.3 x 10 3 Oe at T=1.8K. The temperature 
dependence of the propagation vector |k(T)| and hence of 
the magnetic soliton length can be understood on quali- 
tative grounds by noting that the anisotropy parameter 
of order N in Eq.(|^) depends on the magnetization as 

SSy = [^fy]^ 1 & As N is equal to 4 for tetrag- 
onal symmetry, a change in the magnetization curve by 
~10% results in a decrease of the anisotropy strength by 
a factor of ^3 and hence in a corresponding increase of 
the helix vector. 

In conclusion, we have shown that the magnetic structure 
of CUB2O4 is incommensurate at low temperature. The 
propagation vector of the magnetic structure smoothly 
decreases to zero with increasing temperature. A non- 
collinear magnetic state commensurate with the under- 
lying chemical lattice is eventually formed at T*=10K. 
Close to T* higher-order magnetic satellites and coexis- 
tence of short-range and long-range order is observed. 
This indicates that copper metaborate forms a three- 
dimensional magnetic soliton lattice. The origin of the in- 
commensurate magnetic ground-state in CuB 2 04 is prob- 
ably caused by the presence of a Lifshitz invariant in the 
thcrmo-dynamical potential. 
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FIG. 1. Antiferromagnetic structure of CUB2O4 in the 
commensurate phase. The Cu(A) and Cu(B) positions are 
represented by black and open symbols respectively, while 
the lengths and the directions of the arrows mirror the Cu 2+ 
magnetic moments pZ. 



FIG. 2. Temperature dependence of the propagation vector 
k. The line is the result of the calculation, as explained in the 
text. Inset: Neutron elastic scans along (3,3,Q) showing the 
evolution of the magnetic satellites in CUB2O4 for selected 
temperatures. Below T* , the peak at the commensurate po- 
sition is caused by multiple Bragg scattering. 



FIG. 3. Elastic and diffuse scattering in CUB2O4 below 
and above the incommensurate-commensurate phase transi- 
tion. Note the logarithmic scale. The line is the result of a 
least-square fit to the data using a Gaussian function and 
Eq.|. 



FIG. 4. Temperature dependence of the diffuse scattering 
in CUB2O4. Note the increase of intensity in the vicinity 
of the incommensurate-commensurate phase transition. The 
line is to guide the eye. 



FIG. 5. Neutron elastic scan along the (1,1, Q) direction 
at T=9 K showing the presence of higher-order satellites in 
addition to the two principal magnetic satellites. 
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